The evolution of metabolic pathways is a fundamental but poorly understood aspect of evolutionary change. One approach for understanding the complexity of pathway evolution is to examine the molecular evolution of genes that together comprise an integrated metabolic pathway. The rice endosperm starch biosynthetic pathway is one of the most thoroughly characterized metabolic pathways in plants, and starch is a trait that has evolved in response to strong selection during rice domestication. In this study, we have examined six key genes (AGPL2, AGPS2b, SSIIa, SBEIIb, GBSSI, ISA1) in the rice endosperm starch biosynthesis pathway to investigate the evolution of these genes before and after rice domestication. Genome-wide sequence tagged sites data were used as a neutral reference to overcome the problems of detecting selection in species with complex demographic histories such as rice. Five variety groups of Oryza sativa (aus, indica, tropical japonica, temperate japonica, aromatic) and its wild ancestor (O. rufipogon) were sampled. Our results showed evidence of purifying selection at AGPL2 in O. rufipogon and strong evidence of positive selection at GBSSI in temperate japonica and tropical japonica varieties and at GBSSI and SBEIIb in aromatic varieties. All the other genes showed a pattern consistent with neutral evolution in both cultivated rice and its wild ancestor. These results indicate the important role of positive selection in the evolution of starch genes during rice domestication. We discuss the role of SBEIIb and GBSSI in the evolution of starch quality during rice domestication and the power and limitation of detecting selection using genome-wide data as a neutral reference.
Introduction
A fundamental goal of population genetics is to quantify the roles of various forces of evolution, such as selection and drift, in shaping patterns of genetic variation (Clegg 1997) . Numerous studies have been conducted to understand their relative roles in evolution (Wright and Gaut 2005; Ramos-Onsins et al. 2008) . However, most of this work focuses on individual genes or multiple neutral markers. There is relatively less understanding about the evolution of metabolic pathways where variation at one locus potentially affects and constrains the evolution of other genes connected within a network. In order to fully understand the evolution of metabolic pathways, we need to determine how evolutionary forces act on multiple interacting genes that are components of molecular pathways or networks (Fraser et al. 2002) . Moreover, most cellular processes and organismal phenotypes are determined by metabolic pathways and their regulatory cascades. Therefore, understanding fundamental questions about phenotypic diversification and adaptation requires the understanding of the evolution of underlying metabolic pathways. During the last decade, functional genomic studies have accumulated a vast amount of information about molecular interactions in a cellular context (Collado-Vides and Hofestadt 2002) . Specific databases of metabolic pathways have been constructed for different organisms and are available via the Internet (e.g., for rice, www.gramene.org/ pathway). These recent advances have identified genes and their function in specific biochemical pathways and now allow for evolutionary study of functional genes in the context of an entire pathway.
Rice (Oryza sativa) is one of the world's most important food crops and feeds about half of the world's population (Khush 1997) . Starch, which accounts for about 90% of dried milled rice seed's weight, is a major determinant of both rice yield and quality (Zhang et al. 2008) . Strong selection by humans on starch traits is thus expected during rice domestication, and it is likely to have occurred via selection on starch synthesis pathway genes (Whitt et al. 2002) .
Asian rice is one of the oldest domesticated species, domesticated in Asia at least 11,000 years ago (Khush 1997) . Previous studies have indicated that O. sativa is derived from its wild ancestor, O. rufipogon (Khush 1997) . Recent studies have indicated that there were possibly at least two domestication centers: one in South China for japonica rice and another in the south and southwest of the Himalayan mountain range for indica rice; aus rice may be a third domestication event if it is considered as an independent rice variety group (Londo et al. 2006) . Rice, O. sativa, is highly variable in phenotype with an estimated 120,000 varieties (Khush 1997) . Most varieties of rice are placed into two subspecies or races, O. sativa ssp. indica and O. sativa ssp. japonica, based on morphological, physiological, and ecological differences. These include, for example, the length of hull-hairs, the degree of seed dormancy, seedling cold tolerance, and disintegration of endorsperm starch granules in alkali solution (Khush 1997) . A recent study with 169 nuclear microsatellite (simple sequence repeat) markers and two chloroplast loci identified five rice genetically distinct variety groups: aus, indica, tropical japonica, temperate japonica, and aromatic (Garris et al. 2005) . Among these five variety groups, close evolutionary relationships were found between aus and indica rice and between tropical japonica, temperate japonica, and aromatic rice (Garris et al. 2005) .
Starch is the major component of yield in the world's most important cereal crop plants (James et al. 2003) . It is composed of amylose and amylopectin (Buléon et al. 1998) . Amylose is a linear molecule of (1/4) linked a-D-glucopyranosyl units (Buléon et al. 1998) . Amylopectin is the highly branched component of starch. It is formed through chains of a-D-glucopyranosyl residues linked together by 1/4 linkages but with 1/6 bonds at the branch points (Buléon et al. 1998 ). Starch quality in crops varies based on either different ratios of amylose to amylopectin content or the structure of amylopectin (Hirano et al. 1998; Umemoto et al. 2002) .
The starch synthesis pathway is an ideal system for examining the evolution of biochemical pathways. It is one of the best-characterized metabolic pathways in plants (Myers et al. 2000) . Over 20 genes involved in the starch synthesis pathway have been identified so far (Myers et al. 2000 ) with six playing a major role in rice endosperm starch synthesis: ADP-glucose pyrophosphorylase large subunit 2 (AGPL2), ADP-glucose pyrophosphorylase small subunit 2b (AGPS2b), granule-bound starch synthase I (GBSSI), starch synthase IIa (SSIIa), starch branching enzyme IIb (SBEIIb), and isoamylase1 (ISA1) (Pan and Nelson 1984; Sano 1984; Nakamura 1996; James et al. 2003; Smidansky et al. 2003; Tanaka et al. 2004; Nakamura et al. 2005; Lee et al. 2007) . The position of these starch genes in the starch synthesis pathway is shown in figure 1. All of these genes except AGPS2b, GBSSI, and ISA1 are exclusively expressed in rice endosperm (James et al. 2003) .
Detection of selection at the molecular level has proved to be difficult in many species, mainly due to their complex demographic histories (Wright and Gaut 2005) . Most available methods detect the signal of selection by comparing observed data with those expected by a standard neutral model (Tajima 1989; Fu and Li 1993; Fay and Wu 2000; Sabeti et al. 2002; Kim and Nielsen 2004; Wong and Nielsen 2004; Li and Stephan 2005) . A standard neutral model usually assumes a simple demographic history (e.g., constant population size), whereas most species, especially domesticated species, have experienced much more complicated demographic processes (e.g., bottlenecks and/or population expansions). Therefore, instead of the action of selection, deviations from the standard neutral model at particular loci might reflect the specific demographic events of a species. An alternative method to determine selection is by employing a genome-wide scan of variation (Wright and Gaut 2005; Ramos-Onsins et al. 2008) . Demographic processes would affect the entire genome, whereas selection only affects specific loci. Thus, a genome-wide scan of variation can be used as neutral reference for detecting selection. A recent genome-wide survey of variation in O. rufipogon and O. sativa indicated a complex demographic history (Caicedo et al. 2007) . In this study, we have used these recently published genome-wide variation data, consisting of 111 sequence tagged sites (STSs) as a neutral reference to detect selection in cultivated rice and its wild ancestor (Caicedo et al. 2007) . In order to determine selection with greater confidence, we also employed several additional approaches.
In this study, we focus on six major starch genes that play critical roles in the starch synthesis of rice endosperm. The following questions are addressed: 1) what is the pattern of nucleotide variation in these six starch genes in O. sativa and its wild ancestor, O. rufipogon? 2) What is the relationship of nucleotide variation and position of genes in rice endosperm starch synthesis pathway in O. rufipogon? 3) What is the relative role of selection and genetic drift in shaping the variation pattern of these six starch genes before and after rice domestication?
Materials and Methods

Plant Materials
Both cultivated rice, O. sativa, and its wild progenitor, O. rufipogon, were used for this study. The accessions of O. sativa and O. rufipogon were chosen to represent the diversity found within each species. The O. sativa collections include representatives of five variety groups identified by a previous study (Garris et al. 2005 
Data Analyses
Sequences were aligned and manually edited with the software Biolign version 4.0.6.2 (http://en.bio-soft.net/dna/ BioLign.html). The sequences of Nipponbare were from GenBank and were included in the analyses for temperate japonica varieties (http://www.ncbi.nlm.nih.gov/Genbank/). Determination of exons was based on previous annotation with known protein information (Gramene database at http://www.gramene.org/).
Cultivated rice is a predominantly selfing species, and no heterozygous single nucleotide polymorphisms (SNPs) were found in our samples. However, the wild species progenitor, O. rufipogon, is a predominantly outcrossing species. Some samples from IRRI and almost all samples from the field showed multiple heterozygous SNPs in the sequenced starch genes. The haplotypes of these heterozygous samples were determined via the Excoffier-LavalBalding algorithm in Arlequin version 3.11 (Excoffier et al. 2005) . The algorithm was run with default parameters, except burn-in steps (500,000) and sampling interval (500).
Nucleotide Variation
Only samples with less than 50-bp missing data were included in the analyses. The missing data are due to the heterozygosity of indels in some samples or to various other reasons during the sequencing process. Therefore, slightly different sample set were used for different starch genes. Statistics for the level of variation (number of polymorphic synonymous, nonsynonymous, and silent sites; average pairwise nucleotide diversity, h p ; average number of segregating sites, h W ) (Watterson 1975; Tajima 1983) were performed in DnaSP v5.0 (Librado and Rozas 2009 ). Only silent sites that include synonymous sites within coding regions and noncoding regions were used for estimation of h p and h W.
Because transposable elements were observed in SSIIa and GBSSI (see Results), sliding window analyses were conducted across SSIIa and GBSSI in O. rufipogon to examine the contribution of transposable elements to the level of diversity. The window size was 100 bp, and the step size was 20 bp. In order to search for an association between either the level of variation (as measured by h p and h w ) or the pattern of variation (as measured by Tajima's D and Fay and Wu's H) and the position within the metabolic pathway, Kendall's rank correlation tests (Sokal and Rohlf 1995) were performed in O. rufipogon.
The population recombination parameter q (4N e r, where N e is the effective population size and r is the recombination rate per site per generation) was estimated for each starch gene by a composite-likelihood method (Hudson 2001) . Nonparametric permutation and maximum composite-likelihood tests were performed for each q estimate to test for evidence of recombination. The minimum number of recombination events was estimated for each starch gene (Hudson and Kaplan 1985) . All these parameters were estimated in LDhat version 2.1 (McVean et al. 2002) .
Tests of Selection
The McDonald-Kreitman (MK) test (McDonald and Kreitman 1991 ) is a test of selection that compares the ratio of nonsynonymous to synonymous variation within and between species. The MK test was performed for each starch gene in O. rufipogon. Fisher's exact tests were used to determine statistical significance. Neutrality indices (NIs) were calculated as R p S f /R f S p (Rand and Kann 1996) , where R and S refer to counts of nonsynonymous and synonymous SNPs and p and f refer to polymorphic and fixed sites, respectively. An excess of fixed nonsynonymous SNPs relative to synonymous SNPs will lead to values of NI lower than 1, which is often considered evidence of positive selection, whereas an excess of polymorphic nonsynonymous SNPs may suggest purifying selection. The counts of fixed and polymorphic SNPs were used to estimate the population selection parameter, gamma (2NS), in the MKPRF software (Bustamante et al. 2002) , where N is the effective Evolution of Starch Synthesis Pathway Genes in Rice · doi:10.1093/molbev/msq243 MBE population size and S is the selection coefficient. The estimation was performed for each gene separately. MKPRF was run with default parameters, except that both burnin and sampling were extended to 5,000 steps.
The HKA test (Hudson et al. 1987 ) assesses the ratio of polymorphism within species to the divergence between species and compares this ratio among multiple loci. Loci that are significantly different from known neutral loci are considered under selection. HKA tests were performed for each rice variety in addition to O. rufipogon. HKA tests were performed in the program HKA with 10,000 simulations (http://lifesci.rutgers.edu/;heylab/ProgramsandData/ Programs/HKA). Chi-square tests were used to determine statistical significance (P , 0.025).
Since the HKA test showed a statistically significant result for tropical japonica rice, maximum likelihood HKA (MLHKA) tests were used to determine which genes are under selection. MLHKA is a modified version of the HKA test. It allows for explicit tests of selection at individual loci by comparing the neutral model and the model with hypothesized selection at specific loci (Wright and Charlesworth 2004) . The comparisons were performed by likelihood-ratio test using a chi-square test to determine statistical significance. The MLHKA tests were performed in the program MLHKA with chain lengths of 100,000. The program of MLHKA is available at http://www.yorku.ca/stephenw/StephenI.Wright/Programs. html.
In order to compare the pattern of diversity of the starch genes with that expected by a standard neutral model, Tajima's D (Tajima 1989) and Fay and Wu's H (Fay and Wu 2000) tests of neutrality were performed in DnaSP v5.0 (Tajima 1989; Fay and Wu 2000; Rozas et al. 2003) . The species O. meridionalis served as the outgroup for calculating Fay and Wu's H. Significant deviations from standard neutral model were determined by coalescent simulation based on 5% significance level.
Although the HKA test has proved to be robust, it only utilizes nucleotide polymorphism within species and divergence between species and does not consider the allele frequency spectrum. Therefore, we also compared the allele frequency spectrum estimated by Tajima's D and Fay and Wu's H of these starch genes with 111 STS loci (Caicedo et al. 2007 In order to make the comparison meaningful, we equated our sampling for the starch genes with that for the STS loci by using accessions from a similar geographic range. Tajima's D and Fay and Wu's H values for each RCSTS locus and each resampled studied genes were calculated. Each starch gene was compared with 1,000 RCSTS loci. Genes with Tajima's D or Fay and Wu's H values lower or higher than 97.5% of the RCSTS loci are considered significantly different from RCSTS loci. A Bonferroni correction was used to correct the significance level for multiple tests. The above analyses were conducted by the scripts written in Perl.
Results
Level of Diversity in Wild and Cultivated Rice
Five genes (AGPL2, AGPS2b, ISA1, SBEIIB, and SSIIa) that code for components of the starch synthesis pathway were examined. Published sequence data for gene GBSSI was included in our analyses (Olsen et al. 2006) . The length of the region sequenced for each gene varied from 3.12 to 4.63 kb, with a total length of 19.24 kb sequenced for each individual in the study. The location and size of the sequenced region for each gene are shown in figure 2.
Estimates of nucleotide polymorphism for the starch genes in O. rufipogon are given in table 1. Among all the starch genes, the lowest level of variation was found at AGPL2 (h p 5 0.00146 and h w 5 0.00334) and the highest at GBSSI (h p 5 0.0213 and h w 5 0.0173). The level of diversity of the starch genes in O. rufipogon is not significantly different from that of RCSTS loci except for GBSSI ( fig. 3 ), which has significantly higher variation.
Estimates of nucleotide polymorphism of starch genes in cultivated rice are shown in table 2. The lowest h p and h w values were found in tropical japonica at GBSSI (h p 5 0.00018, h w 5 0.00033) and the highest in indica at SSIIa (h p 5 0.00544, h w 5 0.00529).
The level of diversity in O. rufipogon is significantly higher than that of any rice variety group based on the starch genes (Wilcoxon signed-rank test, P , 0.05). Compared with O. rufipogon, the reduction of diversity in tropical japonica at GBSSI is extreme. It is only about 2% of O. rufipogon variation. In contrast, for all the other rice variety groups at any of the starch genes, the reduction in variation is from 12% to 74% of O. rufipogon.
No significant association was detected in O. rufipogon between either the level of variation (as measured by h p and h w ) or pattern of variation (as measured by Tajima's D and Fay and Wu's H) and the position within the metabolic pathway (data not shown).
Estimates of population recombination rate (q), minimum recombination events (Rm), and permutation tests are shown in table 3. Wild rice, O. rufipogon, had higher estimates of Rm (2-13) than any cultivated rice variety group at all starch genes except for GBSSI in indica. Oryza rufipogon also had higher q values (4. 040-19.192 per kb) at the starch genes except for ISA1 and GBSSI in indica.
Yu et al. · doi:10.1093/molbev/msq243 MBE Significant recombination was detected in O. rufipogon at SBEIIB, SSIIa, and GBSSI genes. Among rice varieties, indica and tropical japonica have slightly higher estimation of Rm or q values than do the other three rice varieties at all starch genes. No significant recombination was detected by permutation tests in aus, aromatic, and temperate japonica at five out of six starch genes. However, indica and tropical japonica showed significant recombination at three out of six starch genes.
By blasting against the Oryza repeat database (http:// rice.plantbiology.msu.edu/blast.shtml), we detected a miniature inverted-repeat transposable element (MITE) with a size of approximately 360 bp in intron 7 of SSIIa. A different MITE might have been inserted at this location in O. meridionalis, which makes it unalignable to the rest of our samples. This MITE is the member of the stowaway family, which is associated with the genes in Angiosperms and is AT rich (around 72%) (Bureau and Wessler 1994) . Previous studies indicate a short interspersed element (about 125 bp) in intron 1 and a MITE (about 75 bp) in intron 13 of GBSSI gene (Umeda et al. 1991) . Nucleotide variation analysis indicates that there is higher variation at these transposable element regions than in the rest of the gene regions of both SSIIa and GBSSI in O. rufipogon (supplementary fig. 1 , Supplementary Material online).
Tests of Selection
The results of MK tests are shown in table 4. Only AGPL2 yielded a significant result by Fisher's exact test (P 5 0.04). The neutral indexes range from 0.0 to 2.45. The neutral indexes are not available for AGPL2 and SBEIIB due to the lack of nonsynonymous mutations between O. rufipogon and O. meridionalis. Population selection coefficients (gamma values) for all the six starch genes in O. rufipogon are positive and range from 1.31 to 3.02.
HKA tests of STS loci in some rice groups are statistically significant (supplementary table 6, Supplementary Material online), suggesting that some STS loci might be under selection. This result is consistent with the previous study by coalescent simulation (Caicedo et al. 2007 ). Because STS loci are not a good neutral reference for HKA tests, HKA tests were performed on the starch genes alone. In order to include all the accessions of this study, HKA test were performed for five starch genes (no GBSSI). No significance was detected (supplementary table 7, Supplementary Material online). After equating the samples of the five starch genes with GBSSI, HKA tests including GBSSI were performed and showed significant result in tropical japonica (table 5) , suggesting selection at some starch loci in tropical japonica.
MLHKA tests were then performed to detect selection in tropical japonica at individual loci ( MBE showed significant differences between a neutral model and the model with selection at GBSSI (P , 0.05), which suggests selection at GBSSI in tropical japonica. The selection parameter (k value) at GBSSI in tropical japonica is 0.13, which indicates that the level of diversity at GBSSI is decreased to 0.13 of the neutral expectation due to selection. All other selection models are not significantly different from the neutral model in tropical japonica, which suggests neutral evolution at the other five starch genes in tropical japonica. figure 3 and supplementary figure 2 (Supplementary Material online). Consistent patterns of deviation from the standard neutral model were found before and after resampling in O. rufipogon. Within each cultivated rice group, consistent patterns were found at AGPL2 and ISA1, and slight, inconsistent patterns were found at SSIIa, AGPS2b, and SBEIIB before and after resampling. These slight inconsistent patterns of Tajima's D and Fay and Wu's H value before and after resampling indicate sensitivity of those statistics to fig. 3 and  supplementary fig. 2 , Supplementary Material online). All rice groups showed one or two genes which significantly deviate from the genome-wide RCSTS data with Fay and Wu's H and/or Tajima's D based on 5% significance level. However, after Bonferroni correction, only GBSSI in aromatic and temperate japonica continued to have significantly lower values of both Tajima's D and Fay and Wu's H than the RCSTS data. SBEIIB in aromatic rice had a significant lower Fay and Wu's H value than that of RCSTS data after Bonferroni correction. SBEIIB also has lower value of Tajima's D in aromatic varieties than the RCSTS data, although it is not a significant deviation after Bonferroni correction (P 5 0.0098). SBEIIb in aus showed significantly lower value of Fay and Wu's H than the RCSTS data after Bonferroni correction. AGPS2b in tropical japonica and temperate japonica, SSIIa in aromatic have significantly higher values of Fay and Wu's H than the RCSTS data.
Discussion
Pattern of Sequence Diversity at Starch Genes in Wild and Cultivated Rice
In O. rufipogon, the level of diversity at GBSSI is higher than that of any other starch gene and is significantly greater than that of the RCSTS data. The high diversity at GBSSI may possibly be due to transposable elements, high mutation rate, or relaxation of selection at this gene. GBSSI has two transposable elements, and the transposable element regions show high diversity in O. rufipogon, suggesting a possible contribution of transposable elements to the high level of diversity at GBSSI in O. rufipogon. The high diversity in the transposable element regions may be explained by the high mutation rate associated with transposable elements that has been documented in several species (Souames et al. 2003; Koga et al. 2006) . High diversity at GBSSI might also be due to relaxation of selection at this gene. All the tests for selection including HKA, MK, Tajima's D, Fay and Wu's H, and the comparison with genome-wide RCSTS data indicated that GBSSI was under neutral evolution in O. rufipogon. However, a clear explanation of the high diversity at GBSSI in O. rufipogon requires more detailed information of genome-wide level of variation.
Our study of starch genes shows significantly higher levels of diversity in O. rufipogon than in O. sativa. This result is consistent with many previous studies (Caicedo et al. 2007; Zhu et al. 2007 ) and could be explained by bottleneck events during rice domestication. Genetic bottlenecks associated with domestication have been documented in many crop species, such as rice, corn and wheat, as well as in domesticated animal species (Eyre-Walker et al. 1998; Briggs and Goldman 2006; Hyten et al. 2006; Miller and Schaal 2006; Haudry et al. 2007; Zhu et al. 2007; Kavar and Dovc 2008) .
Association between Nucleotide Variation and Position in the Metabolic Pathway
Recent studies suggest that genes that code for upstream enzymes are more selectively constrained than downstream genes in a metabolic pathway (Campbell et al. Rausher et al. 1999; Fraser et al. 2002; Hahn and Kern 2005) . This pattern could be predicted from classical biochemical theories of metabolic regulation: first, biochemical theories assert that the enzymes at upstream points of a metabolic pathway control larger flux and end product concentration (and hence the phenotype) than do downstream enzymes (Atkinson 1977; Crabtree and Newsholme 1987) . Second, the enzymes on upstream points of a pathway potentially influence a greater number of end products than do the downstream enzymes (Rausher et al. 1999) . However, our results showed no significant association between the levels or patterns of diversity and position within the starch metabolic pathway of O. rufipogon. The results should be viewed with caution since only a subset of the starch synthesis pathway genes (six genes) were included in the analysis and the analysis only considers gene position in the pathway and does not consider the other parts of the pathway reticulation.
Evolution of Starch Genes in O. rufipogon Before Domestication
Significant excess of nonsynonymous mutations in O. rufipogon was detected at AGPL2, suggesting either positive or balancing selection that favors amino-acid replacements in the protein product or the relaxation of purifying selection. However, this result should be viewed with caution because of the low number of replacement and synonymous differences between O. rufipogon and its outgroup species (number of fixed replacement mutations: 0-4, number of fixed synonymous mutations: 0-13) (Andolfatto 2008) . Furthermore, if AGPL2 is under positive or balancing selection, a high frequency of derived alleles is expected among the seven nonsynonymous mutations within O. rufipogon. However, we observed a very low frequency of derived alleles in all seven nonsynonymous mutations (1-3 plants of 63 O. rufipogon individuals). These data suggest that the alleles at the seven nonsynonymous sites are either under strong purifying selection or were recently derived. However, it seems unlikely that all seven of those nonsynonymous alleles would be recently derived. Based on all the tests used for detecting selection, no strong evidence of selection was detected in five O. rufipogon starch genes (except AGPL2) before rice domestication. In contrast, AGPL2 might have experienced stronger selective constraints than the other genes. First, among all the genes, AGPL2 has the lowest diversity, and its level of diversity based on h x value is lower than 95.17% of RCSTS loci. Second, significant negative Tajima's D value was observed at AGPL2, and this value deviates significantly from genome-wide RCSTS data at the 5% significance level. A strong selective constraint on AGPL2 was also documented in Zea mays (Whitt et al. 2002; Manicacci et al. 2007) . A strong selective constraint at AGPL2 in O. rufipogon might be due to its large effect on starch phenotype and its position in the starch synthesis pathway. Mutations in AGPL2 can result in shrunken seeds in both corn Evolution of Starch Synthesis Pathway Genes in Rice · doi:10.1093/molbev/msq243 MBE and rice (Bhave et al. 1990; Lee et al. 2007 ). Both AGPL2 and AGPS2b encode subunits of ADP-glucose pyrophosphorylase (AGPase), and they catalyze a rate-limiting step in the synthesis of both amylose and amylopectin. However, the enzyme coded by GBSSI only controls amylose production, and enzymes coded by ISA1, SBEIIb, and SSIIa only control amylopectin production ( fig. 1 ).
AGPase is a heterotetramer with two small and two large subunits. Previous studies (Giroux et al. 1995; Georgelis et al. 2008) suggest that the small subunit is more selectively constrained than is the large subunit among angiosperm species because the overall rate of synonymous evolution is ;2.7-fold greater for the large subunit than for the small subunit. Based on this hypothesis, AGPL2 that codes for one AGPase large subunit should have higher diversity than that of AGPS2b in O. rufipogon. Our results, however, showed the opposite; AGPL2 has lower diversity and is more selectively constrained than does AGPS2b in O. rufipogon, which is also consistent with the results from Z. mays (Whitt et al. 2002) . Previous studies (Georgelis et al. 2008) indicated that both small and large subunits show branch-specific rates of variation among sites, which suggests that a few angiosperm species such as rice and Z. mays may show different patterns of evolution compared with the overall pattern in angiosperms.
The pattern of neutrality at the remaining five O. rufipogon starch genes suggests that genetic drift may play a more important role than does selection in shaping the pattern of diversity for these genes before domestication. In contrast, the diversity pattern of AGPL2 in O. rufipogon suggests a relatively more important role for purifying selection. The lack of evidence for positive selection at six starch genes in O. rufipogon suggests that these starch genes did not recently contribute to any adaptive shift of starch traits in O. rufipogon. Given how important starch genes are to a seed and hence plant fitness, it seems likely that selection on starch genes has occurred at some time in the past. If selection occurred long ago the signal of positive selection may be lost. Finally, it is also possible that other starch genes are responsible for the adaptive shift in O. rufipogon. These hypotheses require further studies with more starch genes or characterization of starch quality in O. rufipogon and its close relatives.
Evolution of Starch Genes during Domestication
Strong evidence of positive selection was found at GBSSI in tropical japonica, temperate japonica, and aromatic rice. However, the nature of evidence for selection was different for these rice varieties. Evidence of positive selection at GBSSI in tropical japonica is based on levels of diversity: the MLHKA test in tropical japonica suggests significant deviation at GBSSI compared with the other five starch genes, the level of diversity is the lowest at GBSSI in tropical japonica among all the rice groups at any gene, and the reduction of diversity at GBSSI in tropical japonica relative to O. rufipogon is the most extreme. In contrast, evidence of positive selection at GBSSI in aromatic and temperate japonica is based on the allele frequency spectrum. GBSSI shows significant deviation in aromatic and temperate japonica both by comparison with the standard neutral model and with genome-wide RCSTS data for both Tajima's D and Fay and Wu's H values. Strong selection may result in evidence of positive selection at GBSSI in tropical japonica detected in the level of diversity but may not be detected in the allele frequency spectrum. Strong selection at GBSSI in tropical japonica results in a large reduction of diversity and results in the loss of selection signal from the pattern of allele frequency spectrum. In contrast, positive selection at GBSSI in aromatic and temperate japonica might not be strong enough to show significant reduction in the level of diversity in the face of bottleneck events during rice domestication, but selection may be strong enough to show a significant pattern of selection in the allele frequency spectrum. Furthermore, aromatic and temperate japonica rice have most likely experienced a more severe bottleneck compared with tropical japonica because they appear to be derived from tropical japonica.
Evidence of positive selection was also found at SBEIIb in aromatic rice. Tajima's D and Fay and Wu's H for SBEIIb in aromatic rice deviates significantly from genome-wide RCSTS data. SBEIIb also deviates significantly from the standard neutral model based on Tajima's D. However, it does not significantly deviate from the standard neutral model for Fay and Wu's H, although its value is significantly lower (À10.400) than that of RCSTS data. This inconsistency is also observed for SBEIIb in aus rice. These results may be due to the low sample size of aromatic and aus after resampling.
Evidence of positive selection was found at some starch genes in tropical japonica, temperate japonica, and aromatic varieties but not in aus or indica rice. Previous studies suggest independent domestication events for aus, indica, and japonicas (Londo et al. 2006 ). Therefore, it is possible that starch quality is a trait that is under independent selection during the domestication of aromatic and japonica rice. However, GBSSI is under selection in aromatic varieties as it is in japonica rice. These results could be explained as a single selection event at GBSSI during domestication of japonicas and aromatic rice, assuming a single origin for japonicas and aromatic. It is also possible that the GBSSI gene is independently selected in aromatic and japonicas after their divergence. Furthermore, SBEIIb is under positive selection in aromatic rice not in any other rice varieties, suggesting that it was under positive selection for unique starch quality in aromatic rice.
Although the same gene (GBSSI) was selected in both tropical and temperate japonica, and domestication for japonicas is a single event, it is unlikely that selection at GBSSI in japonicas is a single event. Different alleles or sites might be selected for both japonica groups. A mutant that is under strong selection in temperate japonica has been documented (Olsen et al. 2006 ). This mutation is a G to T mutation at the 59 splice site of GBSSI intron 1, which leads to incomplete posttranscriptional processing of the premRNA and causes undetectable levels of spliced mRNA in glutinous temperate japonica individuals (Wang et al. Yu et al. · doi:10.1093 /molbev/msq243 MBE 1995 Frances et al. 1998) . The size of the selective sweep caused by selection for this allele in temperate japonica is about 250 kb, which suggests strong selection (Olsen et al. 2006) . A selective sweep is the reduction or elimination of variation among the nucleotides in a neighboring DNA region of a mutation as the result of selection. It was suggested that this G to T mutation originally arose in tropical japonica . This allele has increased to a high frequency in temperate japonica (17/20) but has a very low frequency in tropical japonica (1/18), which suggests that either a different allele or site is under selection at GBSSI in tropical japonica. Therefore, further investigation is required to understand the exact target of selection at GBSSI in tropical japonica. It could be concluded here that selection at GBSSI in tropical and temperate japonica might be independent events and might have occurred after the divergence of these two japonica groups.
The strong evidence of positive selection at SBEIIb, GBSSI in aromatic rice, and at GBSSI in tropical japonica and temperate japonica rice suggests that selection on these genes plays a major role during rice domestication. This also suggests that SBEIIb and GBSSI contribute to the adaptive shift of starch traits in aromatic rice and that GBSSI contributes to the adaptive shift of starch traits in tropical and temperate japonica. All the other starch candidate genes within cultivated rice show a pattern consistent with neutrality, which suggests that genetic drift may be the determinant of evolution in these genes. No evidence of selection was discovered in aus and indica rice for any of the six candidate starch genes, which suggests either that there is no adaptive shift of starch traits during domestication or that other starch genes affect starch quality in the endosperm, and these genes were involved in the adaptive shift of starch traits in aus and indica. These two hypotheses could be tested with further studies of additional candidate genes.
Genes that were under positive selection during domestication were all located downstream in the starch synthesis pathway (see fig. 1 ). This may not simply be the result of evolutionary stochasticity. The upstream genes did show a lower level of diversity before rice domestication, although no significant association between nucleotide variation and position in the metabolic pathway was detected. These results are consistent with strong selective constraints on these upstream genes before domestication. A similar case for AGPL2 has been documented in Z. mays (Manicacci et al. 2007 ). However, selection at downstream genes of the starch synthesis pathway might be simply the efficient response to selection for starch quality during domestication. The starch quality difference could be caused by the ratio of amylose to amylopectin or amylopectin structure. The downstream genes directly affect the production of amylose and amylopectin as their position in starch synthesis pathway suggests ( fig. 1) . Therefore, it might be more efficient for selection to act on downstream genes than on upstream genes. However, more information about the target nucleotides for selection and their effects on starch quality in rice is required to test the above hypothesis.
The Power and Limitation of Detecting Selection by Comparisons With the Genome-Wide Variation Data
Instead of comparing with a ''true'' demographic model of a species that reflects the demographic events a species experienced, our study indicates the power of a method that uses genome-wide variation data as neutral reference. This method could be applied to more species given the increasing availability of genome-wide data sets which detail population-level variation. These data sets will allow the development of the better demographic models for species with complex demographic histories and can foster the use of new strategies for detecting selection at candidate loci. These strategies will provide not only a better understanding of more species' demographic histories but also provide more information on the genetic basis of their adaptive traits.
However, there are obvious limitations. First, this approach requires that the comparisons be done for the same set of samples. Such comparison could be straightforward for model species, such as rice or maize given their public germplasm banks. Second, this approach assumes that the pattern of genome-wide variation should mainly reflect the species neutral demographic history. However, the pattern of genome-wide variation might also be affected by selective forces, particularly in selfing species. High selfing rates will decrease recombination rates, thus amplifying the size of selective sweeps and affecting the pattern of genomewide variation. Domesticated rice has such a pattern. Variation of genome-wide STS loci in tropical japonica and indica is better explained by demography plus selective sweeps instead of a neutral demographic model (Caicedo et al. 2007 ). Therefore, it might be too conservative to detect positive selection in rice by using STS data as neutral reference. Furthermore, a neutral gene might show significantly higher positive value of Tajima's D or Fay and Wu's H values than RCSTS data due to the effect of selective sweeps. Therefore, it is potentially risky to determine balancing selection by this genome-wide approach. In this study, we also compared the observed data with the standard neutral model to overcome this problem.
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